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FGFR2 Promotes Gastric Cancer Progression by Inhibiting the Expression of Thrombospondin4 via PI3K-Akt-Mtor Pathway

Huang et al.: FGFR2-TSP4 Axis in Gastric Cancer
Cell culture and reagents Human GC cell lines, including SGC7901 and MKN28, were cultured in RPMI-1640 medium (Hyclone, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, USA). Cells were maintained in an atmosphere of 5% CO 2 in a humidified 37°C incubator. Recombinant FGF7 was purchased from Peprotech (AF-100-19, USA). LY294002, U0126, SP600125, SB203580, and RAD001 were from Promoter Biotechnology (Wuhan, China).
Western blot analysis
Western blot was performed as previously described [16] . Briefly, whole-cell lysates were collected, and protein concentrations were quantified by a BCA Protein Assay Kit (AR0146, Boster Biological Technology Ltd, Wuhan, China). The immunoblots were probed with primary antibodies overnight at 4 °Cfollowed by secondary antibodies at room temperature for 1 h. The following primary antibodies were used according to the manufacturer's instructions: anti-phospho-FGFR2 (1:1000, 3471, Cell Signaling Technology, USA), anti-FGFR2 (1:1000, TA503137, OriGene, USA), anti-TSP4 (AP19723b, Abgent, USA), anti-phospho-Akt (1:1000, 4060, Cell Signaling Technology, USA), anti-Akt (1:1000, 4691, Cell Signaling Technology, USA), anti-phosphomTOR (1:1000, 5536, Cell Signaling Technology, USA), anti-mTOR (1:1000, 20657-1-AP, Proteintech, USA), anti-phospho-p70S6K (1:1000, 9234, Cell Signaling Technology, USA), anti-p70S6K (1:1000, 14485-1-AP, Proteintech, USA), anti-phospho-4EBP1 (1:1000, 2855, Cell Signaling Technology, USA), anti-4EBP1 (1:1000, 60246-1-lg, Proteintech, USA), and anti-GAPDH (1:5000, 60004-1-lg, Proteintech, USA). The blots were visualized using an enhanced chemiluminescencedetection kit (Thermo Fisher Scientific, USA).
Lentivirus infection
Stable knockdown of FGFR2 was carried out using pGV112-FGFR2-shRNA lentiviral expression plasmid (GeneChem, Shanghai, China) according to the manufacturer's instructions. Cells transfected with the vector were used as a negative control. After transfection, cells were transferred into medium containing 1 μg/mL puromycin for 1 week. The expression of FGFR2 was evaluated by western blot.
Transient transfection
The plasmids, including the negative control plasmid (vector), were designed and produced by GeneChem Co. The TSP4 shRNA plasmid was designed to target the sequence 5'-TGAGGACTTCCAAGAGTTT-3'. The target sequence for knockdown of mTOR gene was 5'-CAGAATCTATTCATTCTTT-3'. To determine the direct effects of plasmids, cells were transfected with plasmids using Lipofectamine 2000 (Invitrogen, USA) in Opti-MEM medium (Gibco, USA). At 6 h after transfection, the medium was replaced with normal RPMI-1640 medium containing 10% FBS and cells were incubated for 24 h. Cells were cultured for another 24 h in RPMI-1640 medium containing FGF7. At 24 h after FGF7 stimulation, the total protein was extracted from the cells for an analysis of TSP4, mTOR, and p-mTOR expression.
Cell viability assay
Cell viability was detected by Cell Counting Kit-8 (CCK-8) assay. Cells were seeded in a 96-wellculture plate at a density of 1×10 5 cells/well and precultured for 24 h. Cells were treated with FGF7 for 48 h and 10 μL CCK-8 solution (AR1160, Boster Biological Technology, Wuhan, China) was added to each well for 1 h. Absorbance at 450 nm was read by a microplate reader and all data were standardized to the control group.
Colony formation assay
Five-thousand cells were seeded into 6 cm plates and incubated for 21 days with FGF7. Cells were then fixed with methanol and dyed with crystal violet. Colonies were counted and photographed.
In vitro invasion and migration assays
Assays were performed using cell culture inserts (8-μm pore size) in a 24-well format (3422, Corning, USA). For the invasion assay, the insert membranes were precoated with diluted BD Matrigel TM Matrix (BD Biosciences, USA). Cells (1×10 5 cells/well) in serum-free medium were transferred to the upper chamber. Medium containing 10% FBS was added to the lower chamber as a chemoattractant. After incubation for 24 h, cells were fixed with methanol and stained with crystal violet. Non-invading cells were removed from the 
Xenograft model
Animal experiments were carried out in accordance with the guidelines and approved protocols of the Ethics Committee of Tongji Hospital. Cells (5×10 6 ) were subcutaneously administered to the right upper back of each 5-week-old BALB/c nude mouse. Mice were then randomly grouped (n=6 per group) when tumors grew to about 5 mm in diameter. Mice were weighted twice a week. Tumor size was measured every 3 days via calipers, and tumor volume was calculated according to the formula: Tumor volume = 1/2(L×W 2 ), L = Length and W = Width. After completion of the experiment, tumors were removed, measured, and fixed in formalin for IHC.
Statistical analysis
All experiments were performed at least three times. Numerical data are presented as means ± standard error of mean (SEM). Individual group comparisons were performed using the Student's t-test. The relationships between FGFR2 or TSP4 expression and other clinicopathological parameters were analyzed using the Chi-square test or Fisher's exact test. Survival was compared between the groups using a log-rank test within a Kaplan-Meier type analysis. The association between FGFR2 and TSP4 was evaluated by correlation analysis, with a negative correlation at a correlation coefficiency of r<0. For univariate and multivariate analyses, the Cox proportional regression model was used. A p value of less than 0.05 in all cases was considered statistically significant.
Results
High expression of FGFR2 correlated with tumor progression and poor survival in GC patients
To examine the expression of FGFR2 in cancer and adjacent tissues in the stomach, IHC analysis was performed on a human TMA slide consisting of 90 matched pairs of primary GC samples and adjacent gastric tissues samples. The clinical characteristics of these 90 GC patients were shown in Table 1 . The median age of the patients at diagnosis was 63 years (range 28-88 years). In our experiments, FGFR2 was mainly expressed in the cytoplasm (Fig. 1A ) and was overexpressed in 44 cases (48.9%). As previously reported [16] , FGFR2 was more strongly expressed in GC than in adjacent gastric tissue samples (Fig. 1B) . In addition, high expression of FGFR2 was significantly associated with lymph node metastasis (P=0.002) and clinical stage (P=0.016; Table 1 ). N0 and N1 tumors had much lower FGFR2 expression than N2 and N3 tumors. Patients with stage I or II GC expressed much less FGFR2 than those with stage III or IV GC. Survival analysis demonstrated that patients with FGFR2-low expression tumors had significantly longer overall survival (OS) than patients with FGFR2-high expression tumors (P=0.009) (Fig. 1C) . These results suggested that FGFR2 expression was increased in GC tissues and correlated with tumor progression. High expression of FGFR2 predicted a worse prognosis.
TSP4 expression was decreased in GC tissues, associated with OS, and negatively correlated with FGFR2 expression
In this present study, TSP4 expression was also identified by the TMA slides. TSP4 was expressed heterogeneously in the cytoplasm, and in the extracellular matrix in some cases ( Fig. 2A) . Lower expression level of TSP4 was observed in the GC tissues than in adjacent tissues (Fig. 2B) . To determine parameters affecting TSP4-involved processes in GC, we further analyzed the correlation between TSP4 and other clinicopathological factors (Table  1) . Patients with TSP4 low expression had a high risk of lymph node metastasis (P=0.004) and late clinical stage (P = 0.026), indicating that low TSP4 expression may promote the progression of GC. As expected, low expression of TSP4 tended to predict a worse clinical outcome (P = 0.024) (Fig. 2C) . We also investigated the association between FGFR2 and TSP4 expression by correlation analysis. As shown in Fig. 2D , the expression of TSP4 correlated negatively with FGFR2 expression, suggesting that the observed reduction in TSP4 expression was likely due to FGFR2 overexpression.
The results of the univariate and multivariate analysis were summarized in Tables 2 and  3 . Univariate analysis demonstrated a significantly shorter OS in patients in seven categories: tumor size, tumor depth, lymph node metastasis, distant metastasis, clinical stage, and FGFR2 and TSP4 expression. In multivariate analysis, clinical stage tended to correlate with a poorer outcome (P=0.059), while other factors were not associated with OS. Thus, the expression levels of FGFR2 and TSP4 were not independent prognostic factors for GC. 
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Activated FGFR2 signal promoted GC cells proliferation, invasion, and migration via downregulation of TSP4
Two GC cell lines (SGC7901 and MKN28) were treated with FGF7, which specifically binds and rapidly activates the FGFR2 signaling pathway. We determined the amount of p-FGFR2, FGFR2 and TSP4 by western blot at 0 h, 12 h, 24 h, and 48 h after treatment. Fig. 3A revealed that FGFR2 tyrosine phosphorylation was significantly stimulated by the addition of FGF7 in both two cell lines. Interestingly, TSP4 was found to be inhibited in these cell lines, which was likely a result of FGFR2 activation. We also infected SGC7901 and MKN28 cells with FGFR2 shRNA using lentiviral vectors and achieved efficient FGFR2 knockdown. FGFR2 knockdown was accompanied by decreased p-FGFR2, whereas TSP4 was highly elevated in the FGFR2-knockdown cells (Fig. 3B) . Thus, overexpressed and highly activated FGFR2 signaling is the key driver of the downregulation of TSP4.
To evaluate the biological effects of FGFR2-TSP4 axis, we performed transient transfection on SGC7901 and MKN28 cells to silence TSP4. A reduction in TSP4 protein expression was observed 48 h after transfection compared with vector-transfected cells (Fig. 3C) . We then examined the effect of TSP4 knockdown in cell proliferation, invasion, and migration under the presence of FGF7 (10 ng/mL). Cell viability was determined by the CCK-8 assay. In TSP4-knockdown cells, we observed an increase in cell viability compared with vector-transfected cells after FGF7 treatment. However, a significant change was found only in MKN28 cells (Fig. 3D) . Knockdown of TSP4 expression significantly increased the effects of FGF7 on the proliferation, invasion, and migration of GC cells (Fig. 3E and 3F ). These results suggested that FGFR2 promotes GC progression by inhibiting the expression of TSP4.
FGFR2 inhibited TSP4 expression via PI3K-AKT-mTOR pathway
To understand the molecular mechanisms of FGFR2-induced the inhibition of TSP4, a series of inhibitors, including LY294002 (PI3K inhibitor), U0126 (MEK inhibitor), SB203580 (p38 MAPK inhibitor), SP600125 (JNK inhibitor), and RAD001 (mTOR inhibitor), were applied to identify the related signaling pathway. As shown in Fig. 4A , TSP4 inhibition by FGFR2 was partially abrogated after treatment with LY294002 or RAD001 in both two cell lines.
We then investigated the effect of FGFR2 activation on the AKT-mTOR signaling pathway. Western blots showed that the administration of FGF7 to GC cells resulted in an increase in the phosphorylation of AKT, mTOR and p70S6K. In contrast, 4EBP1 phosphorylation was substantially decreased (Fig. 4B) . Accordingly, the phosphorylation of AKT, mTOR and p70S6K was blocked and 4EBP1 became reactivated in FGFR2-knockdown cells (Fig. 4C) . Moreover, mTOR phosphorylation was reduced after mTOR knockdown, and accompanied by increased TSP4 (Fig. 4D) . These data suggested that FGFR2 served to regulate the expression of TSP4 via the PI3K-AKT-mTOR pathway.
mTOR played a crucial role in the FGFR2-TSP4 axis in vivo
Next, we examined whether mTOR was associated with FGFR2-TSP4 axis in vivo. Twentyone days after the subcutaneous injection of cancer cells into nude mice, mice treated with RAD001 had smaller subcutaneous tumors than those injected with vector cells. No significant change was observed among FGFR2-knockdown cells and vector cells (Fig. 5A) . IHC staining of TSP4 demonstrated significantly increased expression in the vector+RAD001 group versus the vector group. Similarly, FGFR2 knockdown induced an increase of TSP4 expression (Fig. 5B) . Taken together, these results showed that mTOR played a crucial role in the FGFR2-TSP4 axis. 
Discussion
Expression levels of FGFR2 and TSPs assessed independently have been reported in several studies as prognostic factors for patients with GC [17] [18] [19] [20] . As a follow-on from our previous study, which demonstrated that FGFR2 promotes GC cells invasion and migration by targeting TSPs in vitro [16] , we undertook an evaluation of the potential clinical significance and mechanism of the relationship between FGFR2 and TSP4 in GC.
FGFR2 has been investigated as a potential therapeutic target in several solid tumors including lung cancer, colon cancer, and GC [21, 22] . Previous studies have reported that the prevalence of FGFR2 amplification in GC was 4% to 7% and correlated with aggressive tumor behavior [23, 24] . In our study, FGFR2 was shown to be markedly overexpressed in GC tissues and correlated with a high risk of lymph node metastasis and late clinical stage. Our findings suggested that FGFR2 overexpression was associated with advanced disease and poor prognosis.
Our data showed that low TSP4 expression was associated with shorter OS and an advanced stage of GC, which is in contrast to the study by Forster et al. in which TSP4 was reported to be a powerful marker for diffuse-type GC [19] . Some reports have shown TSP4 protein expression may facilitate invasion of tumor cells in breast cancer and hepatocellular carcinoma [12, 25] . In contrast, another study reported that TSP4 may act as a tumor suppressor gene in colorectal cancer [26] . There are several possible reasons for the discrepancies between these findings: First, tumor progression is a dynamic, precisely regulated, multistep process, and TSP4 is an inducible marker that can be upregulatedor downregulated over time [27] . Second, the determination of TSP4 expression is generally performed via IHC using different antibodies for different malignancies. Third, the threshold for TSP4 overexpression differed among the previous studies, and the optimal threshold for TSP4 overexpression remains undefined and warrants further investigation. Interestingly, the findings of correlation analysis indicate that FGFR2 might be negatively associated with TSP4. Indeed, in vitro and in vivo experiments suggested that FGFR2 activation could downregulate TSP4 expression, which played an important role in the proliferation, invasion and migration of GC cells.
Associations between FGFR and TSP members have been previously reported by our group and others [15, 16, 28, 29] . The production of TSPs is associated with FGFs and determines tumor invasion and metastasis. Our results show that the expression levels of FGFR2 and TSP4 are not independent prognostic factors in GC that indicate a connection between FGFR2 and TSP4. Furthermore, we have revealed the mechanism of the relationship between FGFR2 and TSP4. The activation of FGFRs modulates multiple signal transduction pathways. The best understood of these are the PI3K-AKT and the RAS-MAP kinase pathways, which include ERK1/2, p38 and JNK kinases [30] . Using small molecule inhibitors, we found that the PI3K-AKT-mTOR pathway was involved in the FGFR2-TSP4 axis. The administration of FGF7 significantly and rapidly activated mTOR. The expression of TSP4 was elevated when mTOR was knocked down in GC cells or mice administrated with mTOR inhibitor. Evidence suggested that the activation of the PI3K-AKT-mTOR pathway played a major role in several cellular functions that are critical to tumorigenesis such as cellular proliferation, survival, and mobility [31] . The use of an mTOR inhibitor in our xenograft models demonstrated its antitumor effects on GC. However, knockdown of FGFR2 did not affect tumor growth in mice. We suspect that the environment in vivo may enable the growth of GC. Based on these observations, novel drugs with different mechanisms of action in the inhibition of mTOR may be more active in GC, particularly in patients with FGFR2-TSP4 axis alternations.
Phosphorylated 4EBP1 reduced the affinity with eukaryotic initiation factor 4E (eIF-4E), thereby blocking the suppression of 4EBP1 on eIF-4E blocking and translation. Dissociative eIF-4E band with eIF-4G/eIF-4A/eIF-4B formed eIF-4F complex and further coupled to the cap structure of the mRNA 5'-terminal. It promoted mRNA translation and protein synthesis, thus accelerating cell growth and proliferation [32] . Recent reports have suggested that 4EBP1 phosphorylation correlates directly with the malignancy and severity
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Cellular Physiology and Biochemistry of various tumors [33] [34] [35] . Interestingly, we found the activation of FGFR2 significantly suppressed 4EBP1 phosphorylation, thus decreasing the release of eIF-4E. This event may inhibit the mRNA translation of TSP4, which could explain the downregulation of TSP4 after FGFR2 activation (Fig. 6 ). Although mTOR seems to be the chief phosphorylation pathway of 4EBP1, other unidentified kinases and mechanisms are also involved, given that multiple phosphorylation sites in 4EBP1 are partially insensitive to rapamycin [33, [36] [37] [38] . However, the exact molecular mechanism in the FGFR2-TSP4 axis merits further investigation.
Blockade of FGFR2 has resulted in durable tumor regression and prolonged disease stabilization in xenograft models, suggesting the promise of FGFR2-targeted therapy. Indeed, new small molecule inhibitors of FGFR are currently being evaluated in clinical trials. Recent data have shown that alterations in FGFR are associated with response to high potent FGFR inhibitors. However, the multitargeted tyrosine kinase inhibitors (TKIs) with FGFR inhibitory activity have not been shown to be superior to standard chemotherapy in most clinical trials, suggesting that both the drug and target are important [39] . FGFR2-related signaling plays an important role in GC progression through diverse mechnisms, so FGFR2 may regulates different pathways in different GC cells. The identification of biomarkers of FGFR2-based therapy can help in selecting the right patient populations for personalized therapy. The combination of FGFR2 inhibitors and other agents such as mTOR inhibitors or TSPs-related agents may deliver better results for GC patients. Continued basic research is needed to gain further insights into the role that the FGFR2 signal pathway plays in the progression of tumors.
Our study also had certain limitations. First, the number of patients enrolled was relatively small, and the sample lacked stage IV patients. Thus, the sample may not adequately represent the entire patient group. Second, the therapies received by these patients were not standardized, which might have affected the survival outcomes. Further investigations of larger sample populations should balance out most of the relevant clinical factors and are needed to further verify our findings.
Conclusion
In conclusion, FGFR2 signaling was found to promote the progression of human GC through the down-regulation of TSP4 via the PI3K-AKT-mTOR pathway. To our knowledge, this is the first study to characterize the relationship of FGFR2 and TSP4 in GC, which is significantly associated with a poor prognosis, and the promotion of GC cells proliferation, invasion, and migration. Our findings provide the foundation for further research on the FGFR2/TSP4 as a potential target for GC.
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